Abstract Autoxidation of conjugated linoleic acid (CLA) methyl ester follows at least partly Farmer's hydroperoxide theory. A mechanism for this hydroperoxide pathway has been proposed based on autoxidation of 9-cis,11-trans-CLA methyl ester. This investigation aims at confirming and further clarifying the mechanism by analyzing the hydroperoxides produced from 10-trans,12-cis-CLA methyl ester and by theoretical calculations. Five methyl hydroxyoctadecadienoates were isolated by HPLC and characterized by UV, GC-MS, and 1D-and 2D-NMR techniques. In addition, an HPLC method for the separation of the intact hydroperoxides was developed. The autoxidation of 10-trans,12-cis-CLA methyl ester in the presence of high amount of a-tocopherol (20%) was diastereoselective in favor of one geometric isomer, namely Me 9-OOH-10t,12c, and produced new positional isomers 10-and 14-hydroperoxides (Me 10-OOH-11t,13t; Me 14-OOH-10t,12c; and Me 14-OOH-10t,12t). Importantly, one of these new isomers, which was characterized as an intact hydroperoxide, had an unusual cis,trans geometry where the cis double bond is adjacent to the hydroperoxyl-bearing methine carbon. Further insight to the mechanism was provided by calculating the relative energies for different conformations of the precursor lipid, the allylic carbonhydrogen bond dissociation enthalpies, and the spin distributions on the intermediate pentadienyl radicals. As a result, a better understanding of the isomeric distribution of the product hydroperoxides was achieved and a modified mechanism that accounts for these calculations is presented.
Introduction
Conjugated linoleic acid (CLA) is a generic name referring to a group of positional and geometric isomers of octadecadienoic acid with a 1,3-diene structure. Thus far, two CLA isomers, namely 9-cis,11-trans-CLA and 10-trans,12-cis-CLA, have been discovered to possess beneficial physiological properties [1] . The biochemical mechanisms of CLA action are unknown. These mechanisms, however, seem to include induction of fatty acid oxidation [2, 3] . Most oxidation studies on CLA are, despite the structurespecificity, performed with mixtures of isomers. Moreover, surprisingly little is known about the initial stages of CLA autoxidation. The early literature reported that CLA autoxidation differs from the autoxidation of linoleic acid (LA) and produces in the absence of antioxidants mainly relatively low molecular weight polymeric peroxides [4] [5] [6] [7] . More recently, CLA has been proposed to autoxidize through two distinct pathways with unknown primary products [8] or speculated to yield products identical to those formed during singlet oxygen oxidation of CLA based on the analysis of secondary oxidation products [9, 10] . First in 2001, we discovered that hydroperoxides are one type of primary autoxidation product of CLA methyl ester formed in the presence and in the absence of atocopherol [11] . The hydroperoxides produced during autoxidation of 9-cis,11-trans-CLA methyl ester (Me 9c,11t-CLA) in the presence of 20% of a-tocopherol were isolated, reduced to the corresponding hydroxy derivatives, separated, and characterized [12] . This enabled us to propose a mechanism for the hydroperoxide pathway of CLA autoxidation, which occurs in agreement with kinetic data [5, 13] through an autocatalytic free radical chain reaction.
In continuation of our previous work [11, 12] we have now tested whether the mechanism proposed for the hydroperoxide pathway based on the autoxidation of Me 9c,11t-CLA correctly predicts the hydroperoxides and their isomeric distribution formed in the autoxidation of 10-trans,12-cis-CLA methyl ester (Me 10t,12c-CLA). To this end, Me 10t,12c-CLA was autoxidized under the same conditions as previously Me 9c,11t-CLA [12] in order to produce enough hydroperoxides for the characterization and to allow the comparison between the two studies. The hydroperoxides were isolated, reduced chemoselectively to hydroxy derivatives, and the separated hydroxy derivatives were characterized by UV, GC-MS, and 1D-and 2D-NMR techniques. Due to unsatisfactory separation of certain methyl hydroxyoctadecadienoates, an HPLC method for the separation of the intact hydroperoxides was developed. In addition, theoretical calculations were carried out to provide further insight to the initial stages of CLA autoxidation and to the distribution of the product hydroperoxides. A scheme for the hydroperoxide pathway of CLA autoxidation consistent with these calculations is presented.
Experimental Procedures

Materials
Me 10t,12c-CLA was purchased from Matreya Inc. (Pleasant Gap, PA, USA) and the presence of only one isomer was confirmed by 13 C NMR [14] . DL-a-Tocopherol was obtained from Calbiochem (Darmstadt, Germany). Isopropanol, heptane, and tert-butyl methyl ether (TBME) were from Rathburn Chemicals (Walkerburn, Scotland), bis(trimethylsilyl)-trifluoroacetamide and trimethylchlorosilane from Merck (Darmstadt, Germany), and calcium hydride, sodium borohydride, and platinum (IV) oxide from Fluka (Buchs, Switzerland). Isopropanol was dried by distillation over calcium hydride.
Autoxidation
Me 10t,12c-CLA (0.4 g, 1.4 mmol) was autoxidized in a glass vial (20 mL, d = 2.0 cm) for 16 days in the presence of a-tocopherol (20% per weight) under atmospheric oxygen at 40°C in the dark. The yield of hydroperoxides based on TLC analysis and on peroxide value (PV = 193 mequiv O 2 /kg) measured by the ferric thiocyanate method [15] was 6.3%. The hydroperoxides were isolated from the reaction mixture by SPE (2 g; Varian, Harbor City, CA, USA) using MTBE/heptane gradient (from 2.5 to 20%, v/v) as an eluent, and reduced to corresponding hydroxy derivatives using NaBH 4 in dry isopropanol at 0°C according to the procedure reported previously [11] . The hydroperoxides and the hydroxy derivatives were stored as dilute heptane solutions at -20°C under nitrogen.
Isocratic Normal-phase HPLC
The separation of five hydroxy-CLA methyl esters and six hydroperoxy-CLA methyl esters was achieved using a semi-preparative Merck silica column (Supelcosil LC-SI Semi-Prep, 25.0 9 1.0 cm I.D., particle size 5 lm) and isopropanol/TBME/heptane (0.05/5/95, v/v/v) and isopropanol/heptane (0.65/100, v/v) as an eluent, respectively, at 2.0 mL/min flow rate. Approximately 1 mg of the mixture of isomers was repeatedly injected. The fractions collected from non-baseline separated peaks were further purified using the semi-preparative column. The mixture and the separated isomers were analyzed by HPLC using a Supelco silica column (Supelcosil LC-SI, 25.0 cm 9 2.1 mm I.D., particle size 5 lm) and isopropanol/TBME/heptane (0.05/ 4/95, v/v/v) or isopropanol/heptane (0.3/100, v/v) as an eluent at 0.4 mL/min flow rate. The columns were equipped with Waters 501 HPLC pump, Waters pump control module, Waters 717 plus autosampler, and Waters 996 photodiode array detector set at 234 nm.
UV Spectroscopy
The separated isomers were quantified by UV spectroscopy at k = 233 nm for the trans,trans isomers and at k = 236 nm cis,trans isomers. UV spectra were recorded in ethanol solution on a Perkin Elmer UV/vis spectrometer Lambda Bio (Ueberlingen, Germany). Molar absorbance (e) values used in calculations are from [16] . The concentration of the isomers for which no e value is available was approximated with the e value of the nearest positional isomer with the appropriate diene geometry.
GC-MS
The hydroxy-CLA methyl esters were hydrogenated to hydroxystearates and derivatized to trimethylsilyl ethers according to the procedure described earlier [12] . The trimethylsilyl ethers were analyzed on an Agilent 5973 mass spectrometer (Palo Alto, CA, USA) connected to a Hewlett Packard gas chromatograph (HP 6890 Series GC System, Wilmington, DE, USA). GC was equipped with a Rtx-5MS (crossbond 5% diphenyl polysiloxane, 95% dimethyl polysiloxane) capillary column (60 m 9 0.25 mm I.D., film thickness 0.1 lm, carrier gas: helium, 1.2 mL/min; Restek corporation, Bellefonte, PA, USA). Samples (0.1-1 lL) were injected using on-column injection. The column temperature program and other run parameters were as reported previously [12] . NMR Spectroscopy 1 H-, 13 C-, and 2D-NMR spectra, including correlated spectroscopy (COSY), long-range COSY (LR-COSY), gradient heteronuclear multiple bond correlation (gHMBC), gradient heteronuclear single quantum coherence (gHSQC) and total correlation spectroscopy (TOCSY), were recorded in deuterochloroform (contains 0.1% (v/v) tetramethylsilane, 99.8% 2 H; Aldrich, Milwaukee, WI, USA) on a Bruker DRX 500 spectrometer equipped with 5 mm broadband inverse probe with z-gradient (Fällanden, Switzerland) at 27°C. Chemical shifts d are given in parts per million (ppm) relative to tetramethylsilane (d 0.00).
The 1D-and 2D-NMR data of methyl 9-(R,S)-hydroxy-10-trans,12-cis-octadecadienoate (Me 9-OH-10t,12c 1 ; 97.4%, 31 mM) and that of methyl 13-(R,S)-hydroxy-9-cis,11-trans-octadecadienoate (Me 13-OH-9c,11t; 98.5%, 17 mM) agreed with published data [12] .
Methyl 10-(R,S)-hydroxy-11-trans,13-trans-octadecadiH-10, 3 J 10,9 = 7.1 Hz), 5. 24 .92 (C-3), 22 .66 (C-17), 13 .95 (C-18).
Theoretical Calculations
All calculations have been performed at the density functional theory (DFT) level employing the hybrid B3LYP functional [17, 18] as implemented in the TURBOMOLE program package [19] version 5.91. The structures were optimized using the polarized split-valence def2-SVP basis set [20] . The conformations of Me 10t,12c-CLA were confirmed to be local minima on the potential energy surface by ensuring that the lowest vibrational mode was nonimaginary. Furthermore, it was made sure that the geometries were comparable. In particular, in the peroxyl radicals the O 2 -group was always oriented in a similar manner facing the methine hydrogen, since the other local minimum with the O 2 -group rotated to the opposite side of the chain lied ca. 0.8 kcal//mol higher in energy. Energies were evaluated using the larger, doubly polarized triplezeta def-TZVPP basis set [20] . The environment was modeled using the COSMO continuum solvation model [21, 22] with a dielectric constant of methyl linoleate (3.4) which was considered as a typical value for this class of molecules [23] . Thermal enthalpy corrections at the autoxidation reaction temperature were calculated using the harmonic approximation via the (unscaled) vibrational frequencies calculated in gas-phase. An enthalpy correction of 5/2 RT was used for the hydrogen atom. The gross spin densities of the radicals were calculated as outlined in Reference [24] . This level of theoretical treatment has been found to be suitable in previous work [25] [26] [27] [28] . Although bond dissociation energies are known to be slightly underestimated at B3LYP level, the error is systematic and thus relative energies are comparable [29] . This was further confirmed by using the described level of theory for calculating the dissociation energies and enthalpies at 298 K for the monoallylic C-H bond in methyl oleate and for the bisallylic C-H bond in methyl linoleate. The difference between the calculated dissociation energy (enthalpy at 298 K) values of 86.2 (79.1) and 74.2 (67.5) kcal/mol for mono-and bisallylic C-H bonds, respectively, compare well with the literature values of 88 and 75 kcal/mol [30] .
Results and Discussion
The mechanism proposal developed for the hydroperoxide pathway of CLA autoxidation based on the autoxidation of Me 9c,11t-CLA [12] predicts that the autoxidation of Me 10t,12c-CLA is diastereoselective in favor of one geometric isomer, namely Me 9-OOH-10t,12c. In addition, the autoxidation should yield three types of geometric isomers and two new positional isomers i.e. 10-and 14-hydroperoxides. Importantly, one of these new positional isomers should have an unusual cis,trans geometry where the cis double bond is adjacent to the hydroperoxyl-bearing methine carbon. This type of geometric isomer is absent from the autoxidation of nonconjugated polyunsaturated fatty acids [31] . Analysis of the hydroperoxide mixture from autoxidation of Me 10t,12c-CLA confirmed that the mechanism predicts the formed isomers and the isomeric distribution correctly (see Scheme 1) . The details of the mechanism, however, were altered based on the theoretical calculations.
Autoxidation, HPLC Separation, and Characterization of the Products
The autoxidation of CLA methyl ester differs from that of its nonconjugated counterpart, methyl linoleate, and produces mainly polymeric products [4] [5] [6] [7] 32] . Moreover, only small amounts of peroxides accumulate during the autoxidation of CLA methyl ester compared to the autoxidation of methyl linoleate [4] . Therefore, in order to direct the autoxidation of CLA methyl ester from autoxidative polymerization toward hydroperoxide formation the Scheme 1 Prediction of the hydroperoxide isomers and their isomeric distribution that will be formed during autoxidation of 10-trans,12-cis-CLA methyl ester based on autoxidation of 9-cis,11-trans-CLA methyl ester [12] autoxidation must be performed in the presence of a good hydrogen atom donor [12] . Hence, Me 10t,12c-CLA was treated with 20% of a-tocopherol under atmospheric oxygen at 40°C in the dark. Under these conditions, atocopherol does not exert its recognized antioxidant effect but allows the autoxidation to proceed quite rapidly to produce relatively good yield of monohydroperoxides. The separation and characterization of the Me 10t,12c-CLA hydroperoxides was attempted as their hydroxy derivatives. The separation of the hydroxy derivatives, however, proved to be more challenging than the separation of those from the autoxidation of Me 9c,11t-CLA. Indeed, only partial separation of the hydroxy derivatives was achieved when tested with mixtures of isopropanol/heptane, MTBE/heptane, and isopropanol/MTBE/heptane as an eluent. The best separation was obtained using isopropanol/MTBE/ heptane (0.05/5/95, v/v/v) as an eluent and the elution order of five hydroxy derivatives was: Me 13-OH-9c,11t; Me 14-OH-10t,12t; Me 13-OH-9t,11t; Me 10-OH-11t,13t; and Me 9-OH-10t,12c (Fig. 1a) . The separation of the intact Me 10t,12c-CLA hydroperoxides was, however, more successful and it was achieved using isopropanol/heptane (0.35/100, v/v) as an eluent as depicted in Fig. 1b . HPLC analysis of the mixture at k = 234 nm gave the following elution order and area percentage composition for the hydroperoxides: Me 13-OOH-9c,11t (13%), Me 14-OOH10t,12c (3%), Me 14-OOH-10t,12t (8%), Me 13-OOH9t,11t (16%), Me 10-OOH-11t,13t (11%), and Me 9-OOH10t,12c (49%). The 10-and 14-positional isomers were identified in the same manner as the hydroxy derivatives (vide infra) and the 9-and 13-hydroperoxides were identified by spiking the HPLC runs with pure hydroperoxides isolated from methyl linoleate autoxidation (i.e. Me 9-OOH-10t,12c; Me 9-OOH-10t,12t; Me 13-OOH-9c,11t; and Me 13-OOH-9t,11t). In particular, spiking with Me 9-OOH-10t,12t revealed that this isomer, which is the predicted seventh isomer that was not separated from the autoxidation mixture, was partly overlapping with the major product. This overlapping together with the expected small amount (\1%) explains why the separation of Me 9-OOH-10t,12t was not possible. Moreover, studies with methyl linoleate have established that this hydroperoxide isomer is formed through the b-scission pathway from Me 13-OOH-9c,11t and from Me 13-OOH-9t,11t [33] [34] [35] [36] both of which were formed during the autoxidation of Me 10t,12c-CLA.
The separated isomers were analyzed by HPLC and UV spectra were recorded. In agreement with the findings of the autoxidation of Me 9c,11t-CLA, three different absorption maxima (k max ) values for the three types of geometric isomers were obtained: 230.9 nm for the trans,trans isomers, 232.1 nm for the new type of cis,trans isomer where the allylic methine is adjacent to the cis double bond, and 234.4 nm for the cis,trans isomers where the allylic methine is adjacent to the trans double bond.
The position of the hydroperoxyl or the hydroxyl group in the individual isomers was determined by GC-MS using trimethylsilyl ethers of the corresponding hydroxystearates, which gave two characteristic fragment ions in mass spectra: m/z 229, 259; m/z 215, 273; m/z 173, 315; and m/z 159, 329 for 9-, 10-, 13-and 14-hydroxystearate, respectively.
The position of the 1,3-diene system within the alkyl chain, i.e., whether the double bonds lie between the hydroxyl and the ester group or between the hydroxyl and the methyl group, was determined by a TOCSY experiment by establishing which one of the allylic resonances is closest to the methyl group. The 13 C-NMR spectra of the methyl hydroxyoctadecadienoates were assigned with the aid of the 2D-NMR spectra in a similar manner as described in detail previously [12, 37] . Because Me 10t,12c-CLA produces partly identical hydroperoxides with those from Me 9c,11t-CLA, only the unpublished H-and 13 C-NMR spectra of Me 14-OOH-10t,12c. In the 1 H-NMR spectrum, which was assigned with the aid of 1 H-1 H COSY and TOCSY experiments, the methine proton allylic to a cis double bond resonated at d H 4.85 and is thus *0.5 ppm less shielded than those allylic to a trans double bond [11, 12] . In the 13 C-NMR spectrum of Me 14-OOH-10t,12c, the methine carbon resonated at d C 81.44. Thus, this allylic methine carbon adjacent to a cis double bond is *5.3 ppm more shielded than those adjacent to a trans double bond. These findings agree with the 1 H-and 13 C-NMR data on cis and trans monoene allylic hydroperoxides from methyl oleate autoxidation [38] [39] [40] . A more detailed investigation on the NMR properties of the conjugated diene allylic monohydroperoxides produced from Me 10t,12c-CLA and also from Me 9c,11t-CLA including full assignments of the 13 C-NMR spectra is reported elsewhere [41] .
Mechanism, Isomeric Distribution, and Theoretical Calculations ESR studies have established that the first-formed pentadienyl radical in methyl linoleate autoxidation exists in the W-conformation [42] which is the most stable of the possible pentadienyl radical conformations. The W-conformation is also the only conformation detected at ambient temperature in the ESR studies with the pentadienyl radical itself [43, 44] . In our previous study [12] , the most stable pentadienyl radicals were expected to be formed from the most extended conformation of Me 9c,11t-CLA and the proposed mechanism for the hydroperoxide pathway was drawn accordingly. In this study, the importance of the different conformations of the precursor lipid was estimated by calculating the energies for conformations A to D of Me 10t,12c-CLA (see Table 2 ). In these conformations, the allylic C-H bond that will undergo fragmentation in the hydrogen atom abstraction step is perpendicular or nearly so to the diene p system. This was considered important, because it enables the resonance stabilization to develop already in the transition state. The energy differences of the conformations with respect to conformation A together with the estimation of the distribution of these conformations using the Boltzmann equation are depicted in Table 2 . The calculations agreed with our previous assumption that the extended conformation A is the most important contributor to the isomeric distribution of the product hydroperoxides. They also revealed that while the contribution of B is significant, that of C and D may be disregarded. Because the hydroperoxides formed from conformation B could theoretically arise from A (one directly and the other by the b-fragmentation pathway) these calculations proved crucial to our understanding of the autoxidation mechanism; it is now apparent that the six products isolated from the autoxidation of Me 10t,12c-CLA are kinetic hydroperoxides. This is supported by the obtained product distribution and the absence of conjugated diene hydroperoxides that may be formed by the b-fragmentation pathway. In addition, this agrees with our previous observation that the hydroperoxide mixture was slightly more complex in the absence than in the presence of high amount of a-tocopherol [11] . The experimental evidence also supported the result that conformations C and D are unimportant. For example, Me 10-OOH-11t,13c, a kinetic hydroperoxide that would theoretically arise from conformations C and D, was absent from the reaction mixture.
A modified mechanism for the hydroperoxide pathway of CLA methyl ester autoxidation in the presence of atocopherol (TocOH) that accounts for the theoretical calculations performed in this study is presented in Scheme 2. It is noteworthy, that all hydroperoxides are formed as racemic mixtures of enantiomers, i.e. the chiral center is formed without stereoselection. In the first step, the abstraction of one of the four allylic hydrogen atoms from CLA methyl ester leads to a formation of three distinct pentadienyl radicals 2A, 2B, and 3 (=3A + 3B; Note: Radicals 3A and 3B, formed from conformations A and B by hydrogen atom abstraction from the allylic position adjacent to a cis double bond, are interconvertible conformations and thus, the subsequent steps are drawn only for 3A). Peroxidation of the pentadienyl radicals followed by a fast hydrogen atom transfer from TocOH (ca. 10 6 M -1 s -1 ; [45, 46] ) explains the formation of five (7, 9, 13, 18 , and 21) of the six conjugated diene allylic hydroperoxides isolated in this study. The most plausible pathway for the formation of the sixth hydroperoxide (20) is through rearrangement of the bisallylic peroxyl radical 15 into the conjugated diene peroxyl radical 17 followed by hydrogen atom abstraction. In addition to conjugated diene hydroperoxides, the mechanism suggests the formation of three nonconjugated diene bisallylic hydroperoxides 8, 12, and 19. These hydroperoxides are anticipated to be more unstable than the conjugated diene hydroperoxides based on the literature on products formed during singlet oxygen oxidation of conjugated dienes [47] [48] [49] and on kinetic studies with methyl linoleate [50, 51] . No attempts were made to isolate these hydroperoxides. HPLC analysis of the hydroperoxide mixture at k = 205 nm revealed, however, three additional minor peaks that may correspond to these hydroperoxides.
The formation of nonconjugated hydroperoxides during autoxidation of CLA has been suggested previously by Eulitz et al. [9] based on the analysis of secondary oxidation products. They speculate, however, that autoxidation and singlet oxygen oxidation of CLA would yield identical products and that the bisallylic hydroperoxides would form by way of a 1,3-addition reaction.
Scheme 2 illustrates that the key reactions governing the product distribution in the autoxidation of CLA in the presence of a good hydrogen atom donor are (1) the abstraction of one of the four allylic hydrogen atoms, (2) partitioning of oxygen on the resulted pentadienyl radicals, (3) hydrogen atom transfer from TocOH, and (4) b-fragmentation of the intermediate bisallylic peroxyl radicals. Since experimental and theoretical data on the latter two have been published [26, 45, 46, 50, 51] , the first two key reactions were addressed by theoretical calculations.
It is generally accepted that the rate constant for hydrogen atom abstraction depends primarily on the strength of the C-H bond being broken [26, 52, 53] . Therefore, the bond dissociation enthalpies (BDEs) for the allylic C-H bonds of the precursor lipid in conformations A and B were calculated and the results are listed in Table 3 . The calculated C-H BDEs values range between 73.7 and 75.0 kcal/mol and thus fall in between the monoallylic C-H BDE (79.2 kcal/mol) and the bisallylic C-H BDE (67.5 kcal/mol) values that were calculated at the same temperature and level of theory. It is of interest to note that hydrogen atom abstraction from an allylic position seems to be easier when adjacent to a trans double bond than when adjacent to a cis double bond. Of the two pentadienyl radicals derived from conformation A, 2A (Wconformation) was 1.3 kcal/mol lower in energy than 3A (Z-conformation). This is in relatively good agreement with the experimental values on W-and Z-pentadienyl radicals derived from 1,4-pentadiene [54] . Moreover, based on the results, the direct interconversion of 2A and 2B may be discounted on energetic grounds and by analogy with the pentadienyl radical itself [42, 55] .
It is reasonable to expect that the addition of oxygen to the intermediate pentadienyl radicals occurs preferentially at centers having the highest spin density [26, 51] . Therefore, the unpaired spin density distribution was calculated for the pentadienyl radicals formed from conformations A and B and the results are illustrated in Fig. 2 . The spin density occupies p-type orbitals with the lobes perpendicular to the plane of the conjugated system. The degree of spin polarization of the radicals is high and the two carbon atoms (C-10 and C-12 in 2A and 2B; C-11 and C-13 in 3A and 3B) between the three main spin centers possess a notable spin density of opposite sign. The gross spin density i.e. the sum of unpaired a and b spin amounts to ca. 1.6 electrons in the radicals studied. The spin contamination was evaluated and found to be within acceptable limits; the \S 2 [expectation value, which serves as a useful diagnostic also within DFT [56] , was 0.79 for all radicals compared to the ideal non-spin polarized value of 0.75.
By coincidence, radicals 2A and 2B are identical to those formed by abstraction of a bisallylic hydrogen atom from Me 9t,12c-linoleate and from Me 9c,12c-linoleate, respectively. The calculated spin density values for 2A and 2B were slightly smaller than the experimental values obtained by ESR spectroscopy [42, 57] but comparable to those calculated by Pratt et al. for 1,5-dimethylpentadienyl radicals [26] . The calculations suggest that the central Scheme 2 A proposed mechanism for the hydroperoxide pathway of CLA autoxidation in the presence of a-tocopherol (TocOH) carbon atom of 2A and 2B, C-11, bears the highest spin density. Recent studies support this result; the bisallylic 11-hydroperoxides are the major oxidation products in the autoxidation of Me 9t,12c-linoleate and of Me 9c,12c-linoleate under kinetic conditions and at low conversion [50, 51] .
According to the calculations there is a slightly higher spin density in 2A at the cisoid end of the pentadienyl radical compared to the transoid end whereas in 2B there is equal spin distribution at the two termini. The ESR measurements are consistent with this result [42, 57] . The calculations and the ESR both suggest that while the reaction of 2B should lead to equal formation of 4 0 and 11, the cisoid end of 2A should react faster with oxygen than the transoid end, leading to the preferential formation of peroxyl radical 6 over 4. Subsequent hydrogen atom transfer from TocOH to 6 and 4 should produce more hydroperoxide 9 than 7. This contradicts with our experimental results. Since the observed isomeric distribution of hydroperoxides in the autoxidation of Me 9t,12c-linoleate [36, 51] also contradicts with the calculations and ESR data, it seems apparent that the unpaired spin density alone does not control the partitioning of oxygen in geometrically unsymmetrical pentadienyl radicals such as 2A. Tallman et al. [51] have proposed that the biased product distribution in the autoxidation of Me 9t,12c-linoleate results from rearrangement of the bisallylic peroxyl radicals into conjugated diene peroxyl radicals via intermediate radicaldioxygen complexes similar to allylic radical-dioxygen complexes in the isomerization of allylic hydroperoxides. This is a plausible explanation also in the case of CLA autoxidation. Hence, the rearrangement of the bisallylic peroxyl radical 5 to conjugated diene peroxyl radicals 4 and 6 would occur through two distinct isomeric radicaldioxygen complexes, I and II. The formation of I derives from the rearrangement across the trans double bond and that of II across the cis double bond. The low-energy conformation of I would be a five-membered ring envelope structure where the substituents are both at equatorial positions and thus, is expected to be favored over the formation of II where one of the substituents is at equatorial and the other at axial position. As a consequence, the formation of the peroxyl radical 4 would be preferred over the peroxyl radical 6, and thereafter the formation of the hydroperoxide 7 in accordance with our observations. For radicals 3A and 3B, the calculations predict an even higher spin density at the central carbon atom of the pentadienyl radical than in 2A and 2B. In addition, the spin distribution at the two termini of 3A and of 3B is unequal. No ESR data on fatty acid pentadienyl radicals with this geometry have been reported. However, the ESR data for the Z-conformation of the pentadienyl radical itself [43, 55] reveals that the central carbon atom bears the highest spin density and it is comparable to our calculated values. Consequently, the major product in the peroxidation of 3A should be the bisallylic peroxyl radical 15 that may rearrange through two distinct isomeric radical-dioxygen complexes, V and VI, to the conjugated diene peroxyl radicals 14 and 17, and thereafter to equal amounts of the hydroperoxides 18 and 20. Moreover, oxygen should not partition equally at the two termini of 3A (or of 3B). More peroxyl radical 16 than 14, and thereafter more hydroperoxide 21 than 18 should be formed. Accordingly, slightly less hydroperoxide 21 was observed than what was expected. This might, however, result from the peroxyl radical 16 being more prone to isomerization and/or decomposition than the other peroxyl radicals because of its unusual cis,trans diene geometry.
As summarized in Scheme 2, the theoretical calculations provided an improved framework for understanding the formation of the isomeric distribution. The diastereoselectivity in favor of Me 9-OOH-10t,12c (7) may now be easily explained. Not only is this isomer formed in excess from 2A, based on the analogy to the autoxidation of 9t,12c-methyl linoleate [51] , but it is also formed from 2B. Because the symmetrical radical 2B is identical to that produced from 9c,12c-methyl linoleate [50] , the reaction of 2B leads to equal amounts of hydroperoxides 7 and 13 and thus, roughly one fourth of the main isomer 7 is formed through radical 2B. Moreover, because the isolated products are kinetic products, it seems now apparent that bfragmentations other than those of the bisallylic hydroperoxides are not important contributors to the isomeric distribution under these reaction conditions. The formation of a small amount of Me 13-OOH-9t,11t in the autoxidation of Me 9c,11t-CLA (corresponds to 9-OOH10t,12t, which was not isolated in this study) through the bfragmentation of a conjugated diene peroxyl radical is, however, highly plausible. In addition, as the isomerization of conjugated diene peroxyl radicals is so well established [33] [34] [35] [36] , it is safe to assume that three additional conjugated diene hydroperoxides, i.e. altogether nine conjugated diene hydroperoxides, are formed during autoxidation of Me 10t,12c-CLA in the absence of a-tocopherol. More research is needed to confirm the formation of the thermodynamic products.
The isomeric distribution of product hydroperoxides was expected to reflect the stability of the intermediate pentadienyl radicals. Calculations showed that 2A was, as anticipated, the most stable (Table 3) . Interestingly, the radicals 2B and 3A were of similar energy. Thus, more radicals 2A + 2B should be formed than radicals 3A + 3B. When only conformations A and B of the precursor lipid are considered significant, the ratio between radicals may be estimated based on the enthalpy differences (DHs) via the Boltzmann distribution. The calculated enthalpy difference between conformations A and B, 0.84 kcal/mol, gives an initial ratio A/B of 3.9/1. Considering the BDEs for the formation of the pentadienyl radicals the estimated ratio (2A + 2B)/(3A + 3B) becomes 6.6/1. Experimentally this ratio was roughly 3.5/1 based on the ratio (9-and 13-hydroperoxides)/(10-and 14-hydroperoxides) determined by HPLC. The difference between the theoretical and experimental ratio may be partly explained by noting that radicals 2A and 2B with their lower BDEs are more stable and thus less prone to undergo reaction [58] . To explore this, the reaction energies were calculated for the peroxidation and they are, indeed, ca. 1 kcal/mol less negative for 2A and 2B than for 3A and 3B, which would shift the distribution towards products formed from the latter two radicals. It must be emphasized, however, that the theoretical ratio is based merely on the DH values and it ignores all other factors such as reaction barriers and stereoelectronics that influence the course of the reactions.
Conclusions
The hydroperoxide pathway is one of the reaction pathways of CLA autoxidation in the presence of a good hydrogen atom donor. The mechanistic proposal developed for this pathway based on our previous work [11, 12] and this study serves as means for predicting the hydroperoxides and their isomeric distribution formed during autoxidation of yet another CLA isomer and it facilitates further investigations directed to a complete elucidation of the presented reaction mechanism. More research is required for example to establish the formation of the nonconjugated hydroperoxides as well as the details of the suggested isomerizations of the bisallylic peroxyl radicals. Knowledge of these initial steps is crucial for understanding the subsequent steps in the CLA autoxidation. In particular, it allows us to predict the structures of the oligomeric products that can be envisioned to be formed by addition of the peroxyl radicals to the double bond system of the oxidizing conjugated fatty acid ester. We anticipate that this addition reaction is the major pathway in the CLA autoxidation performed in the absence of a good hydrogen atom donor. However, in biological systems CLA is present only in small amounts and the likelihood of the autoxidative polymerization can be expected to be low. Therefore, the clarification of the reaction mechanism of the hydroperoxide formation can be considered to be of high importance when studying the biological significance of CLA isomers. This study offers now for the first time means of producing and separating intact CLA methyl ester hydroperoxides that may be used for evaluating their biological activity or for studying their secondary oxidation reactions.
